Porcine parvovirus (PPV) is a major virus that leads to fetal death in swine. However, the effects of PPV infection on sows are poorly understood. The aim of this study was to investigate the effects of PPV on porcine steroidogenic luteal cells (SLCs) survival and functions and underlying mechanisms. In vivo experiment results showed that artificial infection of PPV significantly reduced the concentration of serum progesterone and induced histopathological lesions and SLCs apoptosis in porcine corpora luteum. In in vitro cultured primary porcine SLCs, PPV could infect and replicate in SLCs and induced SLCs apoptosis through mitochondria, but not the death receptor, mediated apoptosis pathway. Meanwhile, PPV infection also decreased progesterone production in SLCs. Moreover, PPV infection could increase active p53 transcriptional activity and protein expression as well as promoting p53 translocation to nucleus. Using the p53-specific pharmacological inhibitor (pifithrin-α) and siRNA could partially attenuate PPV-induced Bax upregulation, caspase-3 activation, apoptosis, and the reduction of progesterone production in primary porcine SLCs. Furthermore, the phosphorylation of p38 mitogen-activated protein kinase (MAPK) was also increased in PPV-infected SLCs. Pretreatment with p38 MAPK inhibitor (SB203580) suppressed PPV-induced p53 accumulation and translocation, SLCs apoptosis, and progesterone production reduction. In summary, these findings indicate that PPV could induce SLCs apoptosis and a decrease of progesterone production in vivo and in vitro via p38 MAPK signaling and p53-dependent mitochondrial pathway, which provides the potential clinical therapy methods for PPV infection. L. Zhang et al., 2018, Vol. 98, No. 4 
Introduction
Porcine parvovirus (PPV) is a member of the Protoparvovirus genus in the subfamily Parvovirinae of the Parvoviridae family that has been identified as a causative agent of reproductive failure, which is characterized as infertility, early embryonic death, mummified fetuses, and stillbirth in swine [1] [2] [3] . Previous studies found that PPV infection could induce many tissue lesions in mummified and stillborn fetus or piglets, which points out the possible reasons of PPVinduced reproductive failure [4] [5] [6] . However, these studies mainly focus on the effects of PPV on fetus to explain the reason of PPVinduced reproductive failure; few study pays attention to the effects of PPV on dam [4] [5] [6] [7] . The corpus luteum (CL) is the major tissue used to produce progesterone and maintain pregnancy in female mammals [8, 9] . Either removing CL or reducing serum progesterone levels can cause abortion or fetal resorption [8, 10] . Steroidogenic luteal cell (SLC) is the main component of CL and produces progesterone to exhibit CL function [11] . The apoptosis of SLCs could induce the reduction of progesterone production [12] [13] [14] . Wrathall and Mengeling have reported that PPV infection could cause the lesions of CL in pregnant gilts [15] . However, it still remains unclear whether PPV infection affects the survival and function of SLCs, and the relationship of PPV-induced SLCs dysfunction and reproductive failure.
Previous studies have reported that p53 tumor suppressor protein is activated after parvovirus minute virus of mice (MVM) infection. Bax is the crucial regulator in mitochondria-mediated apoptosis pathway, and the activation of p53 increases Bax expression levels in murine A9 cells [16, 17] . The p53 is a transcription factor that binds to DNA promotor in sequence-specific manner and promotes target gene transcription. Meanwhile, p53 can also induce apoptosis through activating death receptor pathway or mitochondrial pathway [18] [19] [20] . Furthermore, several studies find that Jun amino-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) signaling pathway modulate the p53-dependent apoptosis in some cell types [21] [22] [23] [24] [25] . Collectively, all of these studies indicate that JNK or p38 MAPK-induced p53 activation may be involved in virus-induced apoptosis. In this study, we explored the effects of PPV infection on luteal cells function in vivo and in vitro and the underlying molecular mechanism.
Materials and methods

Ethics
All animal procedures were conducted following the guidelines of the Animal Ethics Committee at Northwest A&F University under the document 2011-31101684. The sampling procedures complied with the "Guidelines on Ethical Treatment of Experimental Animals" (2006) Number 398 set by the Ministry of Science and Technology, China. The procedures in this study had received prior approval from the Experimental Animal Manage Committee of Northwest A&F University (Approval ID: 20150708).
Virus stocks obtaining
The PPV YL strain was used for infection [26] , and the virus was propagated in PK-15 cells (CCL-33, ATCC) and viral stocks were obtained by collection of supernatants from infected, lysed cells and used directly in experiments after a brief centrifugation to remove cellular debris. Viral titers were obtained by 50% tissue culture infective doses (TCID50) in 96-well plates, and virus stocks were stored at -80
• C. The final virus is 1 × 10 7 TCID50/ml, and it equals to 7 × 10 6 pfu/ml.
In vivo experiments
Animal studies
Specific-pathogen-free Crossbred gilts (Duroc × Landrace; age 7.5-8 months) were used in this study. The animals were detected to be serologically negative for porcine reproductive and respiratory syndrome virus, porcine circovirus type 2, PPV, swine influenza virus, swine hepatitis E virus, and encephalomyocarditis virus. The gilts were free of antibodies to PPV at the start of experiments. Forty-six gilts were placed randomly three or four per pen with free access to drinking quality water. When gilts were tested for estrus, they were inseminated artificially on two consecutive days, and the second day was designated as day 1 of gestation. Which gilt conceived successfully is determined on the basis of serum progesterone levels on day 21 of gestation. Forty-two of the 46 gilts conceived at the first mating, and they were alternately designated as PPV-infected groups (n = 18) or controls groups (noninfected, n = 18) in the sequence in which they came into estrus and were bred. The PPVinfected groups were moved to another isolation building and placed into six pens (each pen had three gilts) where they were exposed intranasally to 10 ml (10 7 TCID 50 /ml) of PPV stocks at day 22 of gestation and designated as 0 day post-infection (0 d p.i.). Similar to PPV-infected groups, controls were administered with 10 ml of cell culture medium (similar to the virus stock preparations).
The following procedures were the same as for PPV-infected groups and controls. Blood was collected from ear vein every 7 days, and the serum was harvested and stored at -20
• C until assayed for progesterone by radioimmunoassay (RIA). On 21, 28, and 35 d p.i., PPV-infected gilts and controls were killed. Ovaries were collected, and some of the CL were frozen in liquid nitrogen (data not shown), and the remainder of the CL was stored in 2.5% paraformaldehydeglutaraldehyde.
Histology
Fixed tissues were then embedded in paraffin wax before 4 μm thick sections were cut. Hematoxylin and eosin staining was performed for light microscopy (Nikon ECLIPSE TS100).
Immunohistochemistry of STAR and TUNEL assay
Deparaffnized tissue sections were treated with antigen retrieval solution. Tissue sections were then incubated with peroxidase blocking solution for 15 min and protein block for 20 min. Rabbit monoclonal antibody steroidogenic acute regulator protein (STAR) (1:300 in 5% BSA-PBST, catalog number 8449S, Cell Signaling Technology) is the primary antibody to mark the SLCs specifically. Apoptotic cells in the paraffin wax sections of the CL were determined by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis using the One Step TUNEL Apoptosis Assay Kit (catalog number C1089, Beyotime, China). The nucleuses were stained with DAPI. The results were observed under a fluorescence microscope (Nikon ECLIPSE TS100).
In vitro experiments
Isolation and culture of primary porcine luteal cells
The primary porcine luteal cells were obtained from the CL of gilts at day 30 to day 50 of gestation (estimated by measurement of the crown-rump length, according to Mesa et al. [27] , Zhang et al. [28] , and Zhang et al. [29] . The CL was dissected aseptically from the ovaries and dissociated at 37
• C with 0.2% (w/v) collagenase type 1 (catalog number C0130, Sigma, St. Louis, MO) for 40 min. Tissues debris was removed by filtering through a 150-μm mesh stainless steel screen. Isolated cells were rinsed three times with PBS and purified by centrifugation with a discontinuous Percoll (catalog number P4937, Sigma) gradient as described earlier [29] [30] [31] . The SLCs were harvested from the interphases of 15% and 20% and the 40% Percoll phase, and the cell viability was determined using trypan blue exclusion, and luteal cell preparations with more than 90% viability were used. Enriched porcine SLCs were plated (1. 
DNA fragmentation assay
After infection, luteal cells were washed twice with PBS and lysed in 100 μl of lysis buffer (20 mM EDTA, 100 mM Tris, pH 8.0, 0.8% SDS) for 1 h at room temperature. The lysate was treated with 500 μg/ml RNase A (catalog number RT405-01, TIANGEN Biotech, Beijing, China) for another hour at 37
• C, and then digested with 500 μg/ml proteinase K (catalog number P2308, Sigma) for 2 h at 55 • C. DNA was extracted with phenol/chloroform/isoamylol = 25/24/1, precipitated with ethanol, and dissolved in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA). This was loaded onto a presolidified 2% agarose gel containing 0.1 mg/ml ethidium bromide. The gels were observed and photographed under UV light.
Cell apoptosis assay
Apoptosis of luteal cells was determined using FITC Annexin V (catalog number 556420, BD Biosciences, Franklin Lakes, NJ) and PI (catalog number P170, Sigma) as per the manufacturer's instruction. A total of 1 × 10 4 cells of each sample were analyzed using a flow cytometer (Accuri C6, BD Biosciences, San Diego, CA, USA), and data were analyzed using the FlowJo software.
Caspase activity assay
Caspase-3, caspase-8, and caspase-9 activities were measured by caspase colorimetric assay kits (catalog number KGA204, KGA304, and KGA403, Keygen Biotech, China 
Reverse transcription-PCR
Total RNA was isolated from cells in T25 flask cultures using TRIzol (catalog number 15596018, Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Reverse transcription (RT) reaction was performed as described by Li et al. [34] . Thereafter, 1 μl of the RT reaction products were used for PCR to amplify the p53 and ACTB (as a reference gene) cDNA. Amplification was performed using Taq polymerase (catalog number RR001A, TAKARA, Dalian, China), and cycling condition were as follows: 98
• C for 10 min, 
p53 small interfering RNA treatment
To knock down endogenous p53, we transfected cells using 50 nM siRNAs (GenePharma Co.). The SLCs were precultured to 50% confluency in antibiotic-free M199 medium containing 10% FBS and then were transfected with 50 nM siRNA using Lipofectamine 2000 (catalog number 11668019, Invitrogen) for 24 h. siCONTROL Nontargeting siRNA was used as the transfection control. The sequences of siRNA for p53 and control state are given in Supplemental Table  S1 . Then, SLCs were infected with PPV at an MOI of 4 for 8 h.
Western blotting
The primary porcine luteal cells were plated in six-well plates at the density of 1. 
Statistical analysis
All the data were reported as mean ± SEM and statistically evaluated by one-way ANOVA, repeated measures one-way ANOVA, or repeated measures two-way ANOVA, wherever appropriate, followed by either the Bonferroni or Duncan post hoc test. Differences were considered significant at P value less than 0.05. n represented the number of independent experiments and were used for calculating the degree of freedom. SPSS 17.0 was used for all analyses. Detailed statistical analyses are presented in the figure legends.
Results
PPV inoculation reduces progesterone levels in vivo
To determine the effects of PPV infection on the functional activity of CL, circulating serum progesterone levels were measured before and after infection. Circulating progesterone levels observed no significant difference in all of pregnant sows before PPV infection (data not shown) (the experimental layout is shown in Figure 1A ). However, the circulating progesterone levels of PPV infection group were significantly lower than that of control group at 14 d p.i. (P < 0.001) ( Figure 1B ). The circulating progesterone levels of PPV infection group markedly decreased from approximately 187.04 ng/ml at 0 d p.i. to about 4.15 ng/ml (P < 0.001) at 35 d p.i., whereas the circulating progesterone levels of control group did not show apparent changes during this stage ( Figure 1B ).
PPV inoculation induces histopathological lesion and luteal cells apoptosis in porcine corpora luteum
To evaluate the effect of PPV infection on CL in vivo, histopathology assay and TUNEL assay were used to observe the histological lesion of CL and the apoptosis of SLCs at different time points after PPV infection. Histopathology observation showed that PPV infection caused the obvious histopathological changes in CL. The 
PPV can replicate and induce apoptosis in porcine SLCs
To determine whether PPV could infect porcine SLCs in vitro, primary SLCs were infected with PPV at an MOI of 4 for indicated times (the experimental layout is shown in Figure 3A) . At 12 h p.i., cells began to round up and appeared to be more obvious phenomenon at 24 h p.i., when SLCs started to detach from the dish. Then, the SLCs were beginning to clump up at 36 h p.i. and that became more clear at 48 h p.i. (Figure 3B, upper panel) . The genomic DNA copies of PPV were monitored by qPCR in cell lysates and culture supernatant. The result showed that intracellular PPV DNA copies were significantly increased at 12 h p.i. (P < 0.001), and the released PPV virion in culture supernatant was also significantly increased at 12 h p.i. (P = 0.002) ( Figure 3C) . Moreover, as shown in Figure 3B (lower panel), the cells appeared to have apoptotic characteristics, including nuclear condensation (short arrows) and nuclear fragmentation (long arrows), whereas these morphological changes were not observed in mock-infected cells. Meanwhile, the genomic DNA of SLCs was degraded to multiple integers of approximately 180 bp after PPV infection ( Figure 3D ), which is similar to the results of Figure 3B (lower panel).
PPV initiates apoptosis and reduces progesterone levels in SLCs through mitochondria-mediated pathway
To elucidate that the PPV infection was associated with the initiation of SLCs apoptosis and progesterone synthesis, the apoptosis of SLCs was measured by flow cytometry and the production of progesterone in the culture medium was measured by RIA. The results showed that the onset of apoptosis in SLCs was at 4-8 h p.i. (Figure 4A ) and the progesterone production was obviously decreased at 24 h p.i. (Figure 4B ). Next, we examined the contribution of caspases on PPV-induced apoptosis of SLCs using caspase activity assays. Results showed PPV induced the activation of caspase-9 and caspase-3 at 8, 12, and 24 h p.i., but PPV did not activate caspase-8 ( Figure 4C ). Pretreatment with caspase-8 specific inhibitor Z-IETD-FMK did not reduce the activity of caspase-3, but caspase-9 specific inhibitor (Z-LEHD-FMK) significantly inhibited the increase of caspase-3 activity in PPV-infected SLCs (Supplemental Figure S1A) (the experimental layout is shown in Figure 3A ). In accordance with activation of caspase-9 and caspase-3, PPV infection did not affect the expression of FasL, but it increased Bax expression and decreased Bcl-2 expression in SLCs (Supplemental Figure S1B) , which results in the significant increase in the ratio of Bax/Bcl-2 ( Figure 4D ). Furthermore, we also found that PPV infection promoted the translocation of Bax into mitochondria and the release of cyt c to cytoplasm (Supplemental Figure S1C ). Meanwhile, Bax inhibitor peptide V5 (BIP V5) pretreatment can partially reverse the downregulation of progesterone production in PPV-infected SLCs ( Figure 4E ).
p53 is critical for PPV-induced apoptosis and decrease of progesterone levels in SLCs
To determine whether p53 is required for PPV-induced apoptosis, the p53 expression levels were detected in PPV-infected cells. RT-PCR showed that the mRNA levels of p53 were significantly increased depending on the time of infection, which suggested that the increase of p53 mRNA is transcription dependent ( Figure 5A ). Meanwhile, PPV infection markedly induced the accumulation of p53 protein in a time-dependent manner in SLCs ( Figure 5B and Supplemental Figure S2A ). However, when SLCs were pretreated with pifithrin-α (PTF-α, p53 inhibitor) or specific p53 siRNA before PPV infection, PPV-induced Bax proteins expression, caspase-3 activation, and apoptosis rate were significantly inhibited in SLCs ( Figure 5C -E and G-I, Supplemental Figure S2B and C). Moreover, the progesterone level was upregulated compared with PPV-infected group ( Figure 5F and J).
Phosphorylated p38 MAPK induced by PPV infection contribute to p53-dependent apoptosis and progesterone production
To evaluate whether PPV infection could activate JNK and p38 MAPK signaling pathway, the phosphorylation of p38 MAPK and JNK in PPV-infected SLCs was detected by western blot analysis. The results showed that phosphorylated p38 MAPK was increased in SLCs after PPV infection for 0. 5-1 h whereas phosphorylated JNK did not change, which indicates that PPV could induce p38 MAPK phosphorylation ( Figure 6A and B, Supplemental Figure S3A ). To determine whether PPV-induced p38 MAPK activation was responsible for p53 protein accumulation and progesterone levels reduction, SLCs were pretreated with 10 μM SB203580 (p38 MAPK inhibitor) and then treated with PPV for additional 2 h. Western blotting results revealed that SB203580 could partially attenuate PPV-induced p53 accumulation and translocation ( Figure 6C and D, Supplemental Figure S3B and C). Meanwhile, pretreatment with SB203580 also partially reversed PPV-induced SLCs apoptosis and progesterone levels reduction ( Figure 6E and F) . Thus, the apoptosis of SLCs, the accumulation and translocation of p53, and decrease of progesterone production induced by PPV infection are dependent on the p38 MAPK activation.
Discussion
Several studies have been reported that multipathogens can induce female reproductive failure in gilts and sows, including bacterial, fungal, protozoan, and virus. Among these pathogens, virus is the main pathogen that causes abortion in pregnant sows or other reproductive diseases [35] . It has been demonstrated that PPV can cause female reproductive failure in porcine [1] [2] [3] . PPV infection induced resorption at days 10-30 of gestation and mummification at days 30-70 of gestation [2, 7, 36, 37] . However, these studies focus only on the effects of PPV on fetus development, there is no any evidence pointing out whether PPV can affect dam. In this study, we demonstrated that PPV infection decreased progesterone production and induced SLCs apoptosis in vivo and in vitro, which indicates that PPV can affect maternal CL functions. The main function of CL in pregnant female is to maintain pregnancy via producing the appropriate levels of progesterone in whole gestation phase [9] . SLCs are the functional cells that produce progesterone in CL. Previous studies had demonstrated that the apoptosis of SLCs reduces the production of progesterone and then further induces reproductive failure [9, [12] [13] [14] . Therefore, apoptosis of SLCs companying the decrease of progesterone production may be one of the reasons resulting in female reproductive failure. In this study, we found that PPV infection could reduce the serum progesterone levels in pregnancy gilts and induced histopathological lesions and SLCs apoptosis in CL in vivo, which indicates that PPV-induced reproductive failure might be attributed to the functional damage of porcine CL. Furthermore, we also demonstrated that PPV could replicate in vitro cultured porcine SLCs and trigger typical cytopathic effects, which is the performance of PPV-triggered apoptosis in host cells [26, 38] . Indeed, our results showed that PPV-infected SLCs appeared chromatin condensation and DNA fragmentation as well as Annexin V positive staining which are the typical characteristics of apoptosis [39] . The principal pathway of apoptosis includes death receptor pathway and mitochondrial pathway. The death receptor pathway is activated by the several death receptor superfamily members (such as Fas and tumor necrosis factor receptor). In death receptor pathway, ligands bind to their receptors and induce receptors clustering to form a death-inducing signaling complex, which then activates the pro-caspase-8. The caspase-8 activation either induces mitochondrial outer membrane permeabilization or directly activates the downstream effector caspase, such as caspase-3, to induce the cell death [40] [41] [42] . In this study, PPV infection did not change the activity of caspase-8 as well as the Fas and FasL protein expression, which suggested that the death receptor pathway was not involved in the PPV-induced SLCs apoptosis. On the other hand, proapoptotic and anti-apoptotic proteins in Bcl-2 family members meet at the surface of mitochondria and competitively regulate the integrity of mitochondria outer membrane in mitochondria-mediated death pathway. Mitochondrial permeability will increase when the pro-apoptotic Bcl-2 family members are upregulated and then lead to the release of the apoptotic factors, like cyt c. The released cyt c associates with Apaf-1 and pro-caspase-9 to form the apoptosome to activate caspase-9. The activated caspase-9 subsequently cleaves and activates executioner caspase-3 to perform the cell apoptosis [41] [42] [43] [44] . In our study, we found that pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 ratio were increased and cyt c released to cytoplasm after PPV infection in SLCs. Meanwhile, the activity of caspase-9 and -3 was upregulated, which indicated that the mitochondria-dependent apoptosis may be involved in PPV-induced SLCs apoptosis. In previous studies, mitochondria-mediated apoptosis pathway participates in the downregulation of progesterone production [9, 12] . The pretreatment of Bax inhibitor upregulated progesterone production approximately 52.16% in PPV-infected SLCs compared with mock-infected SLCs, suggesting that mitochondriamediated apoptosis pathway is involved in PPV-induced reduction of progesterone production. Notably, Bax inhibitor treatment only partially reversed PPV-induced downregulation of progesterone production in SLCs, which illustrated that there are other factors participate in the effect of PPV on progesterone production.
The tumor suppressor p53 is a critical mediator in DNA damage response [45, 46] . The p53 accumulation in cytoplasm can directly activate the pro-apoptosis protein Bax leading to mitochondrial permeabilization to trigger apoptosis [47] . Previous studies have reported that p53 is involved in MVM-induced DNA damage responses and human parvovirus B19 (B19)-induced apoptosis [16, 17, 48] . MVM increases p53 expression to upregulate Bax protein expression level in murine A9 cells [16, 17] . These results indicate that p53 might be involved in MVM-induced apoptosis. In porcine SLCs, we demonstrated that PPV infection promoted p53 transcription and induced p53 accumulation. Pretreatment with p53 inhibitor or siRNA significantly inhibited PPV-induced upregulation of Bax protein expression level and caspase-3 activity. Importantly, p53 inhibitor and siRNA also prevented PPV-induced SLCs apoptosis and downregulation of progesterone production. Therefore, our results demonstrated that p53 is a key modulator in SCLs apoptosis and reduction of progesterone production induced by PPV infection. Additionally, we also demonstrated that PPV infection could activate p38 MAPK signaling pathway in SLCs. The p38 MAPK, belonging to the MAPK signaling pathway, has been identified as a critical mediator participating a series of signal transduction, including apoptosis signaling pathway [21] [22] [23] 25] . Our results showed that p38 MAPK could be phosphorylated at 0.5-1 h p.i., which indicated that PPV could activate p38 MAPK signaling when PPV attached to SLCs. Moreover, inhibition of p38 MAPK phosphorylation suppressed p53 accumulation, translocation, and SLCs apoptosis, as well as the decrease of progesterone production. These results elucidate that p38 MAPK mediates the activation of p53 in PPV-induced SCLs apoptosis and SCLs apoptosis-mediated progesterone production reduction. Therefore, inhibiting the activation of p38 MAPK or p53 may be applied in shielding luteal cells from damage during gestation or clinical therapy of PPV infection in pregnant gilts and sows.
In conclusion, our study demonstrated that PPV induced SLCs apoptosis through activation of p38 MAPK, p53, and mitochondriamediated death pathway, resulting in the decrease of progesterone production in vivo and in vitro. Importantly, PPV infection-induced reproductive failure might be associated with the SLCs apoptosis and reduction of the progesterone production (Supplemental Figure S4) . Our results illustrate the mechanisms of PPV-induced porcine SLCs apoptosis and the reduction of progesterone production, which shed light on the explanation of PPV-induced reproductive failure. Importantly, our results provide new insights on prevention or treatment of PPV infection on pregnant female.
Supplementary data
Supplementary data are available at BIOLRE online. Table S1 . siRNA sequences for target genes. Supplemental Table S2 . Antibodies used in the study. Supplemental Figure S1 Supplemental Figure S4 . Schematic summary of PPV infection induced apoptosis and influenced progesterone secretion in SLCs. In this scheme, PPV induces p38 MAPK phosphorylation, leading p53 accumulation, translocation, and the promotion of p53 transcriptional activity as well as the activation of mitochondrial pathway. p38 MAPK play a pivotal role in induction of p53 accumulation and transcription that leads to Bax upregulation and Bcl-2 downregulation. The changes of Bax and Bcl-2 expression cause cyt c release and then activated caspase-9 and -3 to initiate the SLCs apoptosis. Meanwhile, the apoptosis of SLCs causes the decrease of progesterone production in PPV-infected SLCs.
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